Abstract -The formation of cellulose-nickel nanocomposites has been studied by WAXS, X-ray absorption spectroscopy, X-ray photoelectron spectroscopy, and scanning electron spectroscopy. Changes in the experimental conditions make it possible to widely vary the size of nickel and its oxide nanoparticles in the bulk and on the surface of cellulose fibers and to monitor the localization of these nanoparticles with the structure of cellulose remaining unchanged. The use of cellulose allowed preparation of nickel nanoparticles stabilized in the matrix.
INTRODUCTION
The study of nanocrystal compounds brought about the creation of functional materials with desired physicochemical characteristics [1] . On passage to the nanoscale, many properties of substances change. For example, electronic and magnetic properties of nanoparticles differ appreciably from those of bulky materials. In recent years [2] [3] [4] [5] [6] [7] [8] , plenty polymer nanocomposites containing stabilized nanoparticles of metals, namely, silver, copper, nickel, platinum, and palladium, have been synthesized. The presence of metal nanoparticles in polymers provides electrical, magnetic, and catalytic properties of polymer nanocomposites [9] .
Many publications have been devoted to the synthesis of nickel nanoparticles since the study of nickel coatings in the 1960s [10] owing to the possibility of preparing magnetic materials and catalysts. In monographs and papers published in the 1980s [11] [12] [13] , the chemical reduction of a number of metals, including nickel, in polymer matrices, such as PE, PP, PET, PVC, PVA, poly(acrylic acid), and poly( N -vinylpyrrolidone), was described. In this case, zero-valent metals occurred in the finely dispersed state. Thus, metallocomposites containing up to 20 vol % nickel in the PP bulk were prepared. The study of zero-valent copper and nickel particles formed in aqueous solutions of poly( Nvinylpyrrolidone), poly(ethylene glycol), poly ( N -vinylcaprolactam) and the poly(acrylic acid)-(urea-formaldehyde) polymer interpolymer complex showed that small metal particles with a diameter of 3-15 nm and a narrow size distribution united into spherical flocci with a diameter of 30-140 nm occur in the resulting suspensions [14, 15] . The synthesis of these nanocomposites via reduction of metal ions in solutions of the above-mentioned polymers is based on the formation of a stable metal particle-macromolecule complex [16] .
As is known, the properties of nanoparticles in the bulk of polymer matrices determine the properties of nanocomposites on the whole. Among them, the most important are the size of nanoparticles, their shape, size distribution, and oxidation stability. In most cases, nanoparticles are prepared in solutions or gels of synthetic polymers. Since the stabilization of nanoparticles with the simultaneous control over their size and shape remains an unsolved problem, the use of solid ordered matrices-nanoreactors-has aroused considerable interest in recent years. Unlike polymer solutions, a marked aggregation of nanoparticles may be avoided in this case [1, 17] . For the synthesis of nanoparticles in the solid matrix of synthetic polymers, it is requisite that the polymers possess a well-developed porous system; for this purpose, the methods of polymer stretching in active liquid environment are usually employed [11] . Of special interest is the use of nanoreactors with the initially existing system of pores. Among them is cellulose, which is a high-porous fiber material (the pore size is in the range of 1-10 µ m) with a high specific area; therefore, it may be employed without additional treatment for intercalation of nanoparticles of transition metals, such as silver, platinum, palladium, and copper [18] [19] [20] . The data concerning the synthesis of Ni nanoparticles in the cellulose matrix are scanty. Thus, the disperse nanoparticles of nickel and its oxide with a size of 5-21 nm in the cellulose acetate gel-like membrane were described in [21] . An additional factor in favor of the use of cellulose as a matrix for metal nanoparticles is its biodegradability and harmlessness to humans and animals. The goal of this study was to use the solid cellulose matrix for the synthesis of nickel nanoparticles. To solve this task, it is necessary to elaborate efficient methods for reduction of nickel ions in the cellulose matrix in various media with the use of diverse reducing agents, to examine the structure of the resulting cellulose-nickel nanocomposites, to determine the crystal phases of nickel and their structural characteristics, to identify nickel nanoparticles, to estimate their size distribution, and to establish whether these nanoparticles may be stabilized in the matrix. Nanocomposites based on cellulose and nickel offer promise for catalysis and creation of magnetic and conducting materials.
EXPERIMENTAL
The method of intercalating nickel nanoparticles included the diffusion of Ni 2+ ions from the solution of nickel sulfate NiSO 4 · 7H 2 O into the cellulose matrix and the chemical reduction of Ni 2+ in it. The matrix was powder microcrystalline cellulose (MCC) with a particle size of <0.06 mm; the content of moisture was no greater than 1 wt %. Sodium tetrahydroborate NaBH 4 (Ferak, Germany) and potassium hypophosphite KH 2 PO 2 · H 2 O (Vekton, Russia) were used as reducing agents. All reagents employed for the synthesis were of high-purity and analytical grades.
The diffusion of nickel ions into the cellulose matrix was performed via the intense stirring of an MCC sample (1 mg) with an aqueous or ammonia solution of NiSO 4 · 7H 2 O (20 ml) for 1 h at 20-95°ë . The solution concentration was varied from 0.05 to 0.135 mol/l. An excess of ammonia, which served as a ligand in the nickel ammonia complex [Ni(NH 3 ) n ] 2+ was n = 5-6. An aqueous solution of a reducing agent (20 ml) was added under intense stirring to the resulting suspension. The reduction of nickel ions was carried out via intense stirring of the system at 20°C for 1 h (in the case of NaBH 4 ) or at 95°ë for 1-3 h (in the case of KH 2 PO 2 · H 2 O ). The concentration of NaBH 4 was 0.05-0.40 mol/l, and the -to-Ni 2+ molar ratio was 1-4. The concentration of KH 2 PO 2 · H 2 O was varied from 0.5 to 4.6 mol/l, and H 2 : Ni 2+ was 4-34 (mol/mol). äç 2 êé 2 is a milder reducer and reacts with nickel ions much more slowly than NaBH 4 ; therefore, its concentration was much higher than the concentration of nickel ions. After reduction was completed, the suspension was separated from solution on a Schott filter and rinsed first with water and then with ethanol. The completeness of washing was estimated from the neutral reaction of rinsing waters and the negative reaction of the Chugaev reagent for Ni 2+ ions [22] . The as-prepared samples were vacuum dried at 40°ë . After washing and drying, light gray to black powder samples were isolated. In what follows, they will be referred to as MCC-Ni samples.
The concentration of nickel in the bulk of the samples was measured with the use of elemental analysis on a Hewlett-Packard C,N,H analyzer (USA), and the content of nickel on the surface of fibers and its oxidation number were estimated by X-ray photoelectron spectroscopy (XPS) on a Perkin-Elmer PHI 5400 (USA) photoelectron spectrometer. The structure and the size of cellulose and nickel crystallites in the samples were studied by WAXS on an X-ray diffractometer equipped with an X-ray tube (Rigaku, Japan) and a Marresearch MAR345 image detector (Germany). The size distribution of nanoparticles was measured by abnormal small-angle X-ray scattering [23] . The oxidation number of Ni and the chemical bonds of Ni atoms in nanoparticles were investigated by the X-ray absorption near edge structure spectroscopy. Measurements were performed with a JUSIFA B1 experimental station on a HASYLAB synchrotron at Hamburg radiation laboratory (Germany). The details of X-ray experiments were described in [23] . The morphology of the samples, the size of nickel particles, and their size distribution on the surface of fibers were characterized by scanning electron microscopy on a Jeol JSM-35 CF scanning electron microscope. The samples were initially placed in a special chamber on an aluminum support covered with a carbon layer and subjected to spraying under inert gas atmosphere with the use of the golden target. Electron micrographs were recorded at magnifications of 40-20000 at a voltage of 15 kV. Histograms of nanoparticle diameter numerical distribution (hereinafter, size distribution) on the surface were obtained by the statistical treatment of micrographs.
Several characteristics of MCC-Ni samples are summarized in the table. In interpretation of the results, special attention will be given to the samples with the highest content of nickel and their comparison with the samples of the original cellulose.
RESULTS AND DISCUSSION

The Role of a Reducing Agent and the Effects of Temperature and Reaction Medium on the Reduction of Nickel Ions
The content of nickel in the MCC-Ni samples is strongly dependent on the reducer concentration or the -to-Ni 2+ and ç 2 -to-Ni 2+ molar ratios (Fig. 1 ). In the case of NaBH 4 , reduction proceeds at a high rate and the maximum amount of nickel (9.5 wt % based on the weight of the MCC-Ni sample and 11.1 wt % for aqueous and ammonia media, respectively) is attained at : Ni 2+ = 2.0 (mol/mol). Upon a further increase in the reducer concentration, the reduction of Ni 2+ 
